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ABSTRACT 


The  drag  coefficients  of  spheres  have  been  obtained  from  free-flight 
range  tests  of  metal  spheres  at  Reynolds  numbers  from  185  to  11,600 
and  at  Mach  numbers  from  0.  17  to  0.  99.  An  analysis  of  the  data  indicates 
that  the  total  errors  in  the  measured  drag  coefficients  are  within  ±2  percent. 
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SECTION  I 
INTRODUCTION 


Free -flight  range  measurements  of  smooth-sphere  drag  coefficients 
have  been  obtained  for  the  Sandia  Corporation  at  free -stream  Reynolds 
numbers  from  185  to  11,  600,  based  on  sphere  diameter,  and  at  free- 
stream  Mach  numbers  from  0.  17  to  0.  99.  The  test  program  was  to  pro¬ 
vide  accurate  drag  measurements  for  spheres  in  the  range  of  Reynolds 
numbers  and  Mach  numbers  of  the  Sandia  Metro  Rocket  Falling  Sphere 
experiments. 


SECTION  II 
APPARATUS 


2.1  RANGE 

The  free-flight  tests  were  conducted  in  the  von  Karman  Gas  Dynamics 
Facility  (VKF)  Hypervelocity  Pilot  Range  (Armament  Test  Cell,  Hyper- 
ballistic  (K)).  This  is  a  variable  density  range  which  is  a  100-ft-long, 
6-ft-diam,  steel  tube  equipped  with  six  dual- axis  spark  shadowgraph  sta¬ 
tions  located  at  nominal  15-ft  intervals  along  the  range.  Optical  axes  at 
each  shadowgraph  station  are  mutually  orthogonal  with  the  range  center- 
line.  Fresnel  lenses  serve  as  intensifying  screens  for  the  shadowgraphs, 
which  are  designed  primarily  to  provide  model  position  and  attitude  in¬ 
formation.  Exposure  duration  provided  by  spark  light  sources  is  0.  1  psec. 
Time  of  model  flight  between  stations  is  provided  by  10- MHz  chronographs 
which  provide  timing  values  within  ±0.  2  psec.  A  digitized  film  reader  is 
used  to  carry  out  numerical  interpretations  of  the  shadowgrams,  and  these 
are  used  to  provide  position- attitude -time  histories  of  the  model  in  flight. 

A  three -stage  vacuum  pumping  system  provides  the  desired  range 
pressure  which,  for  the  present  test,  varied  from  7.  1  to  266.  0  mm  Hg. 
Four  pressure  measuring  instruments  were  used  to  cover  this  pressure 
range:  two  Hass  mercury  manometers,  a  Baratron®,  and  an  oil-filled 
micromanometer.  The  two  Hass  manometers  were  used  over  the  pressure 
range  from  15  to  266  mm  Hg,  and  the  Baratron  was  used  over  the  pressure 
range  from  10  to  30  mm  Hg.  Use  of  the  micromanometer  was  restricted  to 
the  pressure  interval  from  7  to  15  mm  Hg.  Thus,  by  limiting  the  use  of 
each  instrument  to  its  more  optimum  operating  range  and  by  observing  the 
agreement  between  instruments  when  a  region  of  overlap  existed,  it  is  be¬ 
lieved  that  the  pressure  measurements  are  in  error  by  no  more  than  ±1  per 
cent  throughout  the  entire  pressure  range  of  the  present  test  program. 
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Range  temperatures  were  measured  at  six  stations  along  the  range. 
Copper- constantan  thermocouples  were  used  in  making  the  temperature 
measurements,  and  a  multipoint,  strip- chart  servopotentiometer  pro¬ 
vided  their  readout.  Temperature  variation  along  the  range  in  no  case 
exceeded  0.4  percent  of  the  absolute  range  temperature  during  the 
present  tests. 


2.2  LAUNCHER 

The  test  program  required  the  development  of  a  low  speed,  single- 
stage,  pneumatic  launcher,  as  shown  in  Fig.  1  (Appendix  I).  Before 
launch  the  model  and  its  sabot  were  positioned  in  the  launch  tube  and 
were  separated  from  the  high-pressure  storage  section  (Fig.  1)  by  means 
of  a  thin  plastic  diaphragm.  Launch  was  initiated  when  the  diaphragm 
separating  the  sabot  and  the  high-pressure  storage  section  was  mechani¬ 
cally  ruptured  by  means  of  a  sharp- edged  plunger.  The  small  volume 
between  the  sabot  and  the  diaphragm  was  vented  to  the  range  until  a  very 
few  seconds  before  launch,  when  a  valve  in  the  vent  line  was  closed. 

This  venting  procedure  was  shown  to  be  necessary  to  ensure  that  the 
sabot  did  not  move  down  the  launch  tube  prematurely. 

In  order  to  prevent  damage  to  the  models  during  launch,  all  of  the 
models  were  sabot  launched  and  were  separated  from  their  sabots  at  the 
completion  of  launch  by  means  of  a  ring  stripper  device  which  stopped 
the  sabots  at  the  muzzle  end  of  the  launch  tube.  Thus,  at  the  completion 
of  a  launch,  the  sabot  effectively  plugged  the  end  of  the  launch  tube  and 
prevented  the  driver  gas  from  entering  the  range  with  the  model.  The 
model  velocity  was  obtained  by  adjusting  the  storage  pressure  in  the 
high-pressure  section  and/or  by  adjusting  the  diameter  of  an  orifice  in 
the  line  between  the  high-pressure  section  and  the  sabot. 


2.3  MODELS  AND  SABOTS 

The  models  tested  were  solid  1/ 16-,  3/32-,  1/8-,  and  3/16-in.  - 
diam  aluminum,  3/16-  and  1/4-in.  -diam  copper,  and  3/ 16-in.  -diam  steel 
precision  ball  bearings.  The  models  were  inspected  before  launch  to 
determine  their  sphericity,  the  difference  between  the  largest  and  small¬ 
est  diameter  measurable  on  each  ball.  These  measurements  indicated 
an  average  sphericity  within  0.  1  percent  of  nominal  ball  diameter,  and 
in  no  case  did  nonsphericity  exceed  0.  3  percent  of  nominal  ball  diameter. 
Each  model  was  also  weighed  before  launch,  and  in  no  case  did  the 
measurement  error  exceed  0.  5  percent. 
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Several  of  the  model  and  sabot  combinations  tested  are  shown  in 
Fig.  2.  The  sabots  were  of  single-piece  construction  and  were  made 
of  either  Lexan®  or  Dylite®,  the  latter  being  a  very  lightweight  foam 
material.  In  order  to  minimize  sabot  weight  for  a  given  sphere  size, 
two  different  launch  tube  diameters  were  used  in  the  present  tests, 
a  1/2-in.  bore-diam  launcher  for  the  larger  spheres  and  a  3/ 16-in. 
bore-diam  launcher  for  the  smaller  spheres.  Also,  the  use  of  Dylite 
sabots  with  the  lighter  spheres  was  a  further  aid  in  minimizing  sabot 
weight. 


SECTION  III 

DATA  REDUCTION  PROCEDURE 


Model  velocity,  as  a  function  of  downrange  distance  traveled,  was 
computed  from  the  measured  model  position-time  history  for  each 
shot.  The  position  of  the  model  with  respect  to  the  range  axis  system 
was  obtained  from  the  shadowgrams  of  the  model  in  free  flight  by  means 
of  a  data  reduction  program  written  for  a  computer.  It  has  been  demon¬ 
strated  that  the  measurement  errors  associated  with  velocities  evaluated 
over  the  15 -ft  intervals  of  Range  K  are  within  ±0.  02  percent  for  the  range 
of  velocities  of  this  test  program.. 

The  drag  coefficient,  Cq,  was  obtained  from  the  relation 


where  dV/dx  is  the  mean  slope_of  the  curve  of  model  velocity  as  a  func¬ 
tion  of  distance  traveled,  and  V  is  the  mean  model  velocity  during  the 
observed  portion  of  the  flight  trajectory.  The  term  dV/dx  is  obtained 
by  fitting  a  linear  equation  to  the  measured  velocity- distance  data  by 
means  of  the  least-squares  procedure.  Equation  (1)  is  based  on  the 
assumption  that  Cjj  is  constant  during  the  flight.  Consideration  of  the 
variations  of  Cd  with  Reynolds  number  and  Mach  number  for  the  present 
test  conditions  indicates  that  the  restriction  of  a  constant  Cj}  in  Eq.  (1) 
is  adequately  satisfied  when  the  total  velocity  drop  during  the  flight  is 
limited  to  about  6.  0  percent  of  the  initial  velocity. 

It  is  apparent  from  Eq.  (1)  that  the  accuracy  in  measuring  Cj)  is 
very  dependent  on  the  capability  of  measuring  dV/dx.  Further,  it  is 
apparent,  for  a  given  measuring  error  in  velocity,  that  the  accuracy 
in  measuring  dV/dx  is  improved  as  the  velocity  drop  over  the  range 
interval  is  increased.  However, -this  velocity  drop  must  be  limited 
by  the  maximum  velocity  drop  restriction  identified  above.  Equation 
(1)  also  indicates  that  dV/dx  will  vary  appreciably  for  a  sphere  of  a 
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given  size  and  material  when  the  range  pressure  is  adjusted  to  provide 
large  changes  in  Reynolds  number.  However,  careful  selection  of  the 
model  sizes  and  materials  used  in  the  present  tests  permitted  the 
measurement  of  drag  coefficients  throughout  the  test  matrix  with  a 
near  optimum  velocity  drop  from,  in  general,  about  1  to  5  percent 
of  the  initial  velocity. 


SECTION  IV 

RESULTS  AND  DISCUSSION 


The  results  of  the  present  test  program  to  provide  drag  measure¬ 
ments  for  spheres  at  free-stream  Reynolds  numbers  from  185  to 
11,  600  at  Mach  numbers  from  0. 17  to  0.99  are  presented  in  Table  I 
(Appendix  II),  and  the  majority  of  the  measured  drag  coefficients  are 
also  plotted  in  Fig.  3  as  a  function  of  free-stream  Reynolds  number. 
Sufficient  data  are  shown  in  Fig.  3  to  define  the  drag  coefficient 
variation  with  Reynolds  number  at  the  nominal  Mach  numbers  of  0.  20, 
0.33,  0.46,  and  0.60  as  requested  by  the  Sandia  Corporation.  Figure  4 
presents,  as  a  function  of  free-stream  Mach  number,  the  drag  data 
obtained  within  the  Reynolds  number  interval  9,  400<Re<ll,  600.  Within 
this  range  of  Reynolds  numbers  the  sphere  drag  coefficient  is  primarily 
a  function  of  Mach  number.  Similar  curves  for  any  discrete  Reynolds 
number  between  200  and  104  can  be  drawn  by  using  the  faired  curves  in 
Fig.  3. 


An  appraisal  of  the  possible  errors  associated  with  the  experimental 
measurements  and  an  examination  of  the  consistency  of  the  final  data 
indicate  that  the  total  errors  in  the  measured  drag  coefficients  are 
within  ±2  percent. 


SECTION  V 

CONCLUDING  REMARKS 


Free -flight  range  measurements  of  sphere  drag  coefficients  have 
been  obtained  at  Reynolds  numbers  from  185  to  11,  600  and  at  Mach 
numbers  from  0.  17  to  0.  99.  An  evaluation  of  the  possible  experimental 
errors  and  an  examination  of  the  consistency  of  the  final  data  indicate 
that  the  total  errors  in  the  measured  drag  coefficients  are  within 
±2  percent. 


4 


AEDC-TR-67-218 


APPENDIXES 

I.  ILLUSTRATIONS 

II.  TABLE 


5 


mm 


A  E  D  C 

10036-67 


Fig.  1  Low  Speed  Launcher 
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Fig.  2  Models  and  Sabots 
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Fig.  3  Variation  of  Sphere  Drag  Coefficient  with  Reynolds  Number 
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TABLE  I 

EXPERIMENTAL  DATA 


♦When  a  diameter  value  appears  in  the  Dmax  column  only,  no  sphericity  measurements  were  made,  hence 
the  value  in  this  column  represents  the  diameter  measurement  used. 
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